We report the direct observation of spin-singlet dark excitons in individual single-walled carbon nanotubes through low-temperature micro-magneto-photoluminescence spectroscopy. A magnetic field (B) applied along the tube axis brightened the dark state, leading to the emergence of a new emission peak. The peak rapidly grew in intensity with increasing B at the expense of the originally dominated bright exciton peak and became dominant at B > 3 T. This behavior, universally observed for more than 50 tubes of different chiralities, can be quantitatively modeled by incorporating the Aharonov-Bohm effect and intervalley Coulomb mixing. The directly measured dark-bright splitting values were 1-4 meV for tube diameters 1.0-1.3 nm. Scatter in the splitting value emphasizes the role of the local environment surrounding a nanotube in determining its excitonic fine structure. [5] [6] [7] [8] [9] [10] studies. In semiconducting SWNTs, there are two equivalent valleys (K and K 0 ) in momentum space having opposite helicities about the tube axis. Short-range Coulomb interactions cause intervalley mixing as well as singlet-triplet splitting, giving rise to exciton fine structure consisting of four singlet and 12 triplet, partially-degenerate states. Among the four singlet states, only one is predicted to be optically active (''bright'') [11] [12] [13] [14] , lying above the lowest-energy optically inactive (''dark'') state, as shown in Fig. 1(a) . However, there is no consensus as to the value of singlet dark-bright splitting, theoretical predictions ranging from a few to hundreds of meV [11] [12] [13] [14] [15] [16] . A detailed study of the excitonic fine structure of SWNTs is thus essential for resolving these discrepancies and furthering our understanding of radiative and nonradiative energy relaxation processes in SWNTs.
Optical properties of single-walled carbon nanotubes (SWNTs) are affected by their unique band structure together with strong Coulomb interactions characteristic of one-dimensional systems, as shown by recent theoretical [1] [2] [3] [4] and experimental [5] [6] [7] [8] [9] [10] studies. In semiconducting SWNTs, there are two equivalent valleys (K and K 0 ) in momentum space having opposite helicities about the tube axis. Short-range Coulomb interactions cause intervalley mixing as well as singlet-triplet splitting, giving rise to exciton fine structure consisting of four singlet and 12 triplet, partially-degenerate states. Among the four singlet states, only one is predicted to be optically active (''bright'') [11] [12] [13] [14] , lying above the lowest-energy optically inactive (''dark'') state, as shown in Fig. 1(a) . However, there is no consensus as to the value of singlet dark-bright splitting, theoretical predictions ranging from a few to hundreds of meV [11] [12] [13] [14] [15] [16] . A detailed study of the excitonic fine structure of SWNTs is thus essential for resolving these discrepancies and furthering our understanding of radiative and nonradiative energy relaxation processes in SWNTs.
A tube-threading magnetic flux lifts the valley degeneracy and produces two bright excitons due to the AharonovBohm effect [17] [18] [19] . Previous temperature (T)-dependent magneto-optical studies on SWNT ensembles performed at high magnetic fields [7] [8] [9] [10] have revealed magnetic field (B)-induced increase of the photoluminescence (PL) intensity. However, a direct observation of the dark state was obscured by the broad linewidths of ensemble samples, and the existence of dark excitons was only inferred from the T and B dependences of PL intensity. The most direct way to ''observe'' the dark excitons in SWNTs is to perform spectroscopy on single nanotubes at low T such that the linewidths are smaller than the dark-bright splitting Á x and then apply a magnetic field to brighten the dark excitons.
Such methods have been used to prove the existence of dark excitons in semiconductor quantum dots [20] . Spectroscopy on a single nanotube can also give us insight into the role of the local environment surrounding the nanotube, which can cause significant changes in emission energies [21] and radiative lifetimes [22] .
Here, we present direct evidence for the existence of the lowest-lying dark exciton state using low-T micro-PL spectroscopy of single SWNTs in B up to 5 T. The dark exciton state acquired a finite oscillator strength in a parallel B, appearing at a lower energy than the bright exciton peak. Because of the very narrow linewidths ( < 1 meV) at low T, we could directly measure the dark-bright splitting without the use of any spectral curve fitting. Brightening was found to be completely absent when the tube axis was perpendicular to B, indicating the crucial role the Aharonov-Bohm phase plays. A simple model [8] [9] [10] based on Ando's theory of magnetic brightening [14] explains our results remarkably well. The measured Á x values for a number of tubes show scatter, even for tubes with the same chirality. This clearly suggests the importance of the local environment, particularly local dielectric screening, in determining the excitonic fine structure of SWNTs. The values of Á x are found to be 1-4 meV for most nanotubes studied.
We performed magneto-PL spectroscopy of individual micelle-encapsulated HiPco SWNTs deposited on quartz substrates. Figure 1(b) schematically depicts the setup. The sample was cooled in a liquid-helium-flow cryostat in the room temperature bore of a 5 T superconducting magnet. PL was excited using a tunable Ti:sapphire laser, collected using a near-infrared objective lens (0.5NA), and detected using a liquid-nitrogen-cooled InGaAs 2D detector array. To determine the orientation angle of each SWNT with respect to B, we relied on their linearly polarized emission.
week ending 22 AUGUST 2008 0031-9007=08=101 (8)=087402 (4) 087402-1 Ó 2008 The American Physical Society A quarter-wave plate was used to circularly polarize the excitation beam to excite all tubes, which were randomly oriented. PL from SWNTs, linearly polarized along their axes, was sent through a half-wave plate set in such a way that it did not introduce any retardation for the light polarized parallel to B. A Wollaston prism spatially separated the PL into its respective s and p components, which were focused onto different vertical locations along the spectrometer slit. This enabled us to simultaneously measure the s and p components [as shown in Fig. 1 (c)] and determine the tube orientation . The substrate was mounted either parallel or perpendicular to B. In the parallel case, due to the random orientation of nanotubes () on the substrate, we could find some nanotubes that were parallel to B. However, in the perpendicular case, none of the nanotubes were parallel to B. Figure 2 (a) shows typical B-dependent single-tube PL spectra taken at T ¼ 5 K. At B ¼ 0, a single, sharp peak exists. As B is increased, a second peak appears at a lower energy than the first peak. With further increase of B, this second peak gradually grows in intensity and finally dominates the spectrum. The splitting between the two peaks also increases with B. This B-induced appearance of a lower energy peak was universally observed in all of the 50 þ nanotubes of different chiralities which were not completely perpendicular to B. In Fig. 2(b) , typical PL spectra for SWNTs oriented completely perpendicular to B are shown. Clearly, there is no appearance of any lower energy peak even at the highest fields. We emphasize that we did not observe two PL peaks for nanotubes that were completely perpendicular to the field. Even in the parallel configuration, only the tubes which had < 65 showed any observable magnetic brightening of the dark state. Assuming a completely random distribution of , this corresponds to $72% of all the tubes. Indeed, out of the 75 nanotubes studied in the parallel configuration, 55 tubes (73%) showed magnetic brightening as is expected from a random distribution of . This also implies that all tubes in our sample emit from the higher energy state at zero field.
We attribute the appearance of the second peak to the B-induced brightening of the lowest-energy singlet dark exciton state. Its absence in B perpendicular to the tube axis convincingly suggests that brightening is induced by the Aharonov-Bohm phase. In the presence of B, the valley degeneracy is lifted due to time-reversal symmetry breaking [19] . As a result, the dark exciton state acquires a finite oscillator strength. At the highest fields, emission is domi- 
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To quantitatively explain our observations, we use a two-level model described in Refs. [8] [9] [10] . We assume that at zero field the dark state is completely dark while the bright state has a relative oscillator strength of 1. The total dark-bright splitting Á in the presence of tubethreading magnetic flux is given by
where Á x is the zero-field splitting,
is the tube diameter, B k ¼ B cos, and Á dis is the disorder-induced zerofield splitting. In the following, we do not include Á dis , whose existence would imply zero-field brightening of the dark state. Indeed, we only see a single emission peak from the bright state when B k ¼ 0 for any tube, suggesting that the effect of disorder in brightening the dark state is negligible in our sample. We use Eq. (1) to fit the splitting value versus B k , obtained directly from the PL spectra at different fields. The offset and slope of the linear fit between Á 2 and B 2 k give us Á x and , respectively, as shown in Fig. 2(c) . Figure 3 (a) shows Á x for 45 different tubes versus tube diameter and emission wavelength (inset). The value of Á x is less than 4 meV for the majority of the tubes. These values (1-4 meV) agree well with those of Refs. [7, 8] but should be contrasted to the large (10-100 meV) values predicted by some theoretical studies [11, 12, 15, 16] . A possible cause of this discrepancy could be the difference in the value of the dielectric constant () used in different calculations. An accurate prediction must not only take into account the dynamically-screened potential arising from the many-body interactions within the nanotube but also the local variations in due to the medium surrounding it (e.g., surfactant, water, quartz substrate). The dielectric confinement arising from the difference in between the nanotube and the surrounding medium causes image charges that can modify both the exciton binding energy and Á x [23, 24] .
Another striking observation one makes from Fig. 3(a) is that the value of Á x shows scatter even for tubes of the same chirality. This scatter is most likely to arise from the fluctuations in the local environment of the tubes. Micro-PL spectroscopy is a powerful probe for such fluctuations and enables us to study the role played by the local environment in determining the excitonic fine structure. Since Á x is determined by the exchange interaction, it can vary from tube to tube if the local varies [14] . Thus, such local variations of can lead to ''inhomogeneous broadening'' of Á x . For example, according to a recent theoretical estimate [25] , a change of ¼ 3 to ¼ 2 leads to a change in Á x from $6 meV to $2 meV for an (11, 7) nanotube. To extract any trend that is present in the d dependence of Á x , we averaged Á x over five d ranges. This average Á x , plotted in Fig. 3(b) , decreases with d, which is reasonable because the short-range Coulomb interaction is predicted to decrease with d [12] [13] [14] . However, an exact functional form of the d dependence is difficult to deduce from Fig. 3 (b) due to the insufficient number of data points. From Eq. (1) and Fig. 3 we obtain values of of 0:4-1:0 meV=T-nm 2 for most nanotubes. These values agree well with the theoretical predictions [17] as well as previous measurements on ensemble SWNT samples in high magnetic fields [8] [9] [10] 18, 19] .
Finally, we analyze how the relative intensities of the two peaks change as a function of B. Even though the absolute intensity of each peak was subject to blinking, the relative intensities were not affected by any intensity fluctuations. Within our two-level model [8] [9] [10] , the intensity ratio of the two peaks is given by
where k B is the Boltzmann constant and f ; ðB k Þ are the oscillator strengths of the dark () and bright () levels in the presence of B k , which vary as
Equation (2) allows us to extract the oscillator-strength ratio f =f from the experimentally-measured intensity ratio (I =I ) and splitting (Á) for each B k . This quantity, when plotted versus Á x =Á, should exhibit the same functional form given by Eq. (3) for all nanotubes. Figure 4 shows the oscillator-strength ratio as a function of Á x =Á for 9 different nanotubes of varying chiralities. We find that the data points for all nanotubes indeed follow the universal curve given by the right-hand side of Eq. (3), in remarkable agreement with the theory.
In conclusion, we have unambiguously demonstrated the existence of the theoretically-predicted spin-singlet dark exciton state below the bright state. The dark-bright splitting was directly measured and found to be 1-4 meV for tubes with diameters of 1.0-1.3 nm. Scatter in splitting value suggests the importance of the local environment in determining the excitonic fine structure. FIG. 4 (color online). DarkðÞ=brightðÞ oscillator-strength ratio for 9 different nanotubes versus zero-field dark-bright splitting (Á x ) normalized to the finite-field splitting (Á). They all fall onto a single curve given by Eq. (3). The temperature of all nanotubes was taken to be 10 K, which was obtained by fitting the intensity ratio against B k to Eqs. (2) and (3), as shown in the inset. This value is very close to the measured temperature of 5-7 K.
